For these studies, we have employed optical techniques brain stem slices: coupling of depolarization and cell shrinkage. J. for monitoring neuronal electrical activity with a voltage- Neurophysiol. 79: 2208Neurophysiol. 79: -2217Neurophysiol. 79: , 1998. We have found new evidence sensitive dye. The optical methods for monitoring cellular for g-aminobutyric acid (GABA)-induced intrinsic optical electrical events offer two principal advantages over convenchanges associated with a voltage-sensitive dye signal in the early tional electrophysiological methods. One is that it is possible embryonic chick brain stem slice. The slices were prepared from to make optical recording from very small cells that are 8-day-old embryos, and they were stained with a voltage-sensitive inaccessible to microelectrode impalement and/or patchdye (NK2761). Pressure ejection of GABA to one site within the preparation elicited optical changes. With 580-nm incident light, clamp applications (Cohen and Salzberg 1978; Grinvald two components were identified in the GABA-induced optical 1985; Kamino 1991; Salzberg 1983; Salzberg et al. 1977) , change. The first component was wavelength dependent, whereas and the other is that multiple sites of a preparation can be the second, slower change was independent of wavelength. Com-monitored simultaneously (Cohen and Lesher 1986; Grinparison with the known action spectrum of the dye indicates that vald et al. 1988;. Thus the optical rethe first component reflects a depolarization of the membrane and cording technique has provided a unique tool for monitoring that the second, slow component is a light-scattering change re-neural electrical activity, including postsynaptic potentials, sulting from cell shrinkage coupled with the depolarization. Similar in early developing embryonic nervous systems (for review optical changes also were induced by glycine, although the amplisee Kamino 1990); indeed, the novel GABA-response was tude of both the first and second signals was much smaller than revealed with the optical technique.
in early developing embryonic nervous systems (for review optical changes also were induced by glycine, although the amplisee Kamino 1990); indeed, the novel GABA-response was tude of both the first and second signals was much smaller than revealed with the optical technique.
for GABA. The optical changes induced by GABA persisted in the presence of picrotoxin and 2-hydroxysaclofen, suggesting that
In our previous experiments (Momose-Sato et al. 1995a , these optical responses include a novel GABA response, which 1997b), the GABA responses were observed indirectly has been termed GABA D in our previous reports. through the effects on the glutamate-mediated EPSP evoked by vagal stimulus, so it has not been clear whether GABA induces a hyperpolarization or a depolarization in the embry-I N T R O D U C T I O N onic chick brain stem preparation. Thus we examined the GABA responses directly and found that GABA induced a The neural amino acid g-aminobutyric acid (GABA) is depolarization in embryonic brain stem neurons. In the the major inhibitory neurotransmitter in the central nervous course of this investigation, we found intrinsic optical system. As is well known, two classes of GABA receptors, changes evoked by GABA, and this finding permitted us to GABA A and GABA B , have been identified. GABA A recep-analyze the coupling of the GABA-induced depolarization tors are ligand-gated chloride channels that are competitively to cell shrinkage. blocked by bicuculline. GABA B receptors regulate potasPart of this work has been reported previously in abstract sium and calcium channels through G protein and intracellu-form (Momose-Sato et al. 1997a) . lar second-messenger pathways. They are activated selectively by baclofen and are antagonized by phaclofen and 2-
M E T H O D S
hydroxysaclofen (e.g., for reviews see Misgeld et al. 1995; Sivilotti and Nistri 1991) . In addition, GABA C receptors, Preparations which are both bicuculline and pentobarbital insensitive but
In the present experiments, we used embryonic chick brain stem are picrotoxin sensitive, have been identified (e.g., for reslice preparations. Fertilized eggs of white Leghorn chickens were view see Bormann and Feigenspan 1995) .
incubated for 8 days in a forced-draft incubator Showa We recently studied the inhibitory effects of GABA Incubator Laboratory, Urawa, Japan) at a temperature of 37ЊC and (GABA response) on the glutamate-mediated excitatory 60% humidity and were turned once each hour. The brain stems postsynaptic potentials (EPSPs) evoked by vagal stimula-were dissected from the embryos. The pia mater attached to the tions in 7-to 10-day-old embryonic chick brain stem slice brain stem was removed carefully using a dissecting microscope. preparations. We found evidence for a novel type of GABA Slices then were prepared by sectioning the embryonic brain stem response, which is insensitive to antagonists of both GABA A transversely at the level of the root of the vagus nerve. The thickness of the slice was Ç300 -400 mm. The slice preparation was and GABA B receptors but is stimulated by agonists of both attached to the silicone (KE 106LTV; Shin-etsu Chemical, Tokyo) bottom of a simple chamber by pinning it with tungsten wires. The preparation was kept in a bathing solution with the following composition (in mM): 138 NaCl, 5.4 KCl, 1.8 CaCl 2 , 0.5 MgCl 2 , 10 glucose, and 10 tris(hydroxymethyl)aminomethane-HCl buffer (pH 7.2). The solution was equilibrated with oxygen.
Dye staining
The isolated slice preparation was stained by incubating it for 20 min in a Ringer solution containing 0.2 mg/ml of the voltagesensitive merocyanine-rhodanine dye NK2761 (Nippon Kankoh Shikiso Kenkyusho, Okayama, Japan) (Kamino et al. 1981; Momose-Sato et al. 1995b; Salzberg et al. 1983) , and the excess (unbound) dye was washed away with dye-free Ringer solution before recording.
Drug application
Neural responses were elicited by applying a small quantity (Ç0.5-30 nl) of GABA and other solutions near the nucleus tractus solitarius: drug solutions were pressure ejected on the surface of the preparation, with a Picospritzer (General Valve, Fairfield, NJ) with pressure pulses (20-30 psi) of 10-30 ms duration. The solutions used in the present experiment were as follows: GABA (1-10 mM), glycine (10 mM), high K / solution (replacement of 100 mM NaCl), hypertonic solution (600 mOsm), and distilled water. These compounds were added to the standard bathing solution.
Optical recording
The optical recording system that we used in this experiment was essentially identical to that described in a previous report (Komuro et al. 1991) . Light from a 300-W tungsten-halogen lamp (Type JC-24V/300W, Kondo Philips, Tokyo) was collimated, rendered quasi-monochromatic with a heat filter (32.5B-76, Olympus Optical, Tokyo) and an interference filter having a transmission maximum at 703 { 15 nm (mean { half-width; Asahi Spectra, Tokyo), 580 { 5 nm, and 630 { 5 nm (Vacuum Optics Corpora- with a merocyanine-rhodanine dye, NK2761 (see METH- converter. The amplified outputs from 127 elements of the detector first were recorded simultaneously on a 128-channel recording sys-ODS ). The optical changes were elicited by pressure ejection tem (RP-890 series, NF Electronic Instruments, Yokohama, Japan) of small quantities of GABA (10 mM) on the surface of the and then were passed to a computer (LSI-11/73 system, Digital preparation, and they were recorded simultaneously from Equipment, Tewksbury, MA). The 128-channel data recording multiple sites of the preparation. The nucleus tractus solitasystem is composed of a main processor ( spreading from the site to which GABA was applied, and sign independent of the wavelength of the incident light. In Fig. 2B , a control experiment also is shown. When normal the shapes of the signals varied with the wavelength of the incident light.
Ringer solution alone was applied in the same way as GABA application, no optical change was observed, indicating that In Fig. 2B enlarged traces of the signals that were taken from the recordings in Fig. 2A are shown. As can be seen the GABA-induced optical changes were uncontaminated by mechanical artifacts. In unstained preparations, although the in the traces, a biphasic optical change was observed at 580 nm and a monophasic change at 630 and 700 nm. The bipha-second, large slow, signal always was detected, the first signal was not observed. An example is shown in Fig. 3 , sic optical changes observed at 580 nm were composed of two components: one earlier component (first signal) was top.
The action spectra of the merocyanine-rhodanine dyes ina small increase in transmitted light intensity (downward deflection in the trace) with a duration on the order of sec-cluding NK2761 are such that, at 700 nm, the membrane potential-dependent absorption change exhibited by the dyes onds, and the other, late component (2nd signal), a larger and slower decrease in transmitted light intensity (upward is opposite in sign to that observed at 580 nm and that, at 630 nm, the absorption change is absent (e.g., Momosedeflection in the trace) with a duration on the order of minutes. Only a large upward change was detected at 630 and Sato et al. 1995b) (also see Fig. 1B) ; further a membrane depolarization causes an increase in absorption (a decrease 700 nm. This behavior suggests that the first signal is wavelength dependent and that the second signal has the same in transmitted light) at 700 nm and a decrease in absorption J754-7 / 9k27$$ap48
03-18-98 20:13:45 neupa LP-Neurophys it is likely that the effects of tonicity on the transmitted light intensity in the preparation reflect the light-scattering changes due to hyperosmotic shrinkage and hypoosmotic swelling of neural cells. Thus we suggest that the GABAinduced intrinsic optical change (light-scattering change corresponding to the second signal) results from the increase in the extracellular space due to the shrinkage of the neural cells (also see DISCUSSION ). In Fig. 3 , the changes in response to osmotic shock were briefer than the changes due to GABA. This result suggests differences in the shrinkage mechanism(s) between the osmotic shock and GABA. This topic will be taken up in DISCUSSION . (control) and in a low-Cl 0 Ringer solution in which NaCl was replaced by Na methanesulfonate. In the low-Cl 0 bathing solution, both of the first and second signals were de-(an increase in transmitted light) at 580 nm. From these pressed markedly. Similar results also were obtained with spectral characteristics, we can conclude reasonably that the Cl 0 replacement by NO 3 0 . The result suggests that the first signal is a dye-dependent absorption change that de-GABA-induced first and second signals both depend on expends on membrane depolarization: the first signal is absent tracellular Cl 0 concentrations. On the other hand, the optical at 630 nm, and, at 700 nm, the first signal is masked by the signals were not affected by lowering the external Ca 2/ second signal that might be an intrinsic change. At 630 nm, concentration, indicating that Ca 2/ activity, which might be there is a brief delay, maybe corresponding to the absence decreased by methanesulfonate, does not influence the optiof the first signal. We isolated the first component by subcal signals (data not shown). tracting the signals obtained at the isosbestic wavelength (630 nm) from the signals at 580 and 700 nm (Fig. 2C) . In these traces, the real time course of the depolarization-Effects of GABA antagonists dependent absorption change is shown clearly.
Effects of external Cl
We examined the effects of picrotoxin (a noncompetitive blocker for GABA A receptors) on the GABA-induced optical Comparison with osmotic responses changes at 580 nm (Fig. 4B ). In the presence of picrotoxin (200 mM), both the GABA-induced first and second signals To obtain more detailed information about the characteristics of the second signal, we examined osmotic effects on were reduced greatly (also see Table 1 ), suggesting that the optical changes were closely related to GABA A receptors. the transmitted light intensity. The results are shown in Fig.  3 . These recordings were made at 700 nm on unstained In Fig. 4 B, picrotoxin seemed to affect the potential change much less than the light-scattering change. This result sugpreparations. In this experiment, an intrinsic optical change corresponding to the second signal was evoked by an appli-gests that the linear relationship is not obtained between the depolarization and cell shrinkage. cation of GABA. Similarly, when 600 mOsm (hyperosmotic/2 isotonic) sodium solution was applied, a large optiIn the presence of picrotoxin, even when 2-hydroxysaclofen (GABA B antagonist: 200 mM) was applied, additional/ cal change (upward deflection of the trace) was caused. On the other hand, when distilled water was applied, a large summed inhibitory effects were not seen ( Fig. 4B and Table 1). This result indicates that the GABA-induced optical optical change also was elicited, but its direction was opposite to that induced by GABA or by the hyperosmotic solu-changes were not influenced by 2-hydroxysaclofen, suggesting that, apparently, GABA B receptors do not participate tion.
The intrinsic optical signal observed in this experiment is in the GABA-induced optical changes. Figure 4B shows that the GABA-induced optical changes contain a component referred to as a change in intrinsic light scattering. The light scattering is expected to change with an increase (or de-that is insensitive to both picrotoxin and 2-hydroxysaclofen.
Previously, we suggested that the picrotoxin-and 2-hydrocrease) in the extracellular space resulting from a transient shrinkage ( mose- Sato et al. 1995a Sato et al. , 1997b . We have examined whether GABA-application, optical changes were observed: a biphasic signal was recorded at 580 nm and a monophasic signal the picrotoxin-and 2-hydroxysaclofen-insensitive component is dependent on external Cl 0 . As shown in Fig. 4C , was detected at the 630 and 700 nm. Although the amplitude was smaller than that of the GABA-induced changes, the the picrotoxin-and 2-hydroxysaclofen-insensitive component also was reduced markedly in a low-Cl 0 Ringer solu-directions of the changes induced by glycine coincided with those of the GABA-induced change. Furthermore, the glytion. This result suggests that the picrotoxin-and 2-hydroxysaclofen-insensitive component is also dependent on extra-cine-induced changes were eliminated in the presence of strychnine, as shown in Fig. 5B . cellular Cl 0 .
Comparison with glycine-induced optical changes Comparison with high K / -induced depolarization
As one possible way to characterize the GABA-and glyWe also examined glycine-induced extrinsic and intrinsic changes in transmitted light in stained preparations. In Fig. cine -induced optical changes, we tried to compare them with high K / -induced optical changes in stained preparations. As 5A, glycine-induced optical changes recorded at 580, 630, and 700 nm are shown. When glycine was applied, as with shown in Fig. 6A , when a high KCl (100 mM) solution was J754-7 / 9k27$$ap48
03-18-98 20:13:45 neupa LP-Neurophys at 700 nm (data not shown).
Amplitudes of the first and second components of the optical signals Therefore, we concluded that the first signal was a dyeevoked by g-aminobutyric acid (GABA) application. The mean { SD absorption signal and the second signal was an intrinsic light-(n Å 8) of the normalized amplitudes is represented for the signals obtained scattering change. Further, from the action spectra of the in the presence of picrotoxin (200 mM) and picrotoxin (200 mM) together dye, it seems reasonable to conclude that the first signal with 2-hydroxysaclofen (200 mM).
reflects high K / -induced membrane depolarization of neural cells. On the other hand, we presume that the mechanism(s) applied to the surface of the preparation in the same manner underlying the high K / -induced second signal are different as GABA application, optical changes were observed. How-from that responsible for the optical changes induced by ever, the wavelength dependence was different from that of GABA (or glycine) (also see DISCUSSION ) . the GABA-and glycine-induced changes. Contrary to the GABA-and glycine-induced optical changes, a biphasic optical signal that was composed of two components was ob-Spatial spreading served at 700 nm. The first signal exhibited a decrease in the transmitted light intensity (upward deflection of the Finally, we also have examined the spatio-temporal profile of the optical change induced by GABA. In Fig. 7A , time trace), and the second signal appeared in the direction of an increase in the transmitted light intensity (downward de-courses of six traces of the GABA-induced optical signals are compared. The traces were extracted from optical flection of the trace). On the other hand, a monophasic optical change was seen at 630 and 580 nm. These monopha-changes detected simultaneously by six contiguous photodiode elements (J4, J5, J6, I7, I8, and H9), which are indicated sic changes were always in the direction of an increase in the transmitted light intensity as were the second signals at by thick lines on the drawing in Fig. 7A . The site to which GABA was applied also is indicated by an open arrowhead-700 nm. These results indicates that the behavior of the second signals appeared to be opposite in sign to those ob-like symbol. The recording was made at 580 nm. This figure
In the present study, we measured changes in transmitted light intensity from the slice preparation. We presume that, in the stained slice preparation, the change in transmitted light intensity includes components of extrinsic dye absorption and of intrinsic forward light scattering.
Of the GABA-or glycine-induced optical changes, the first signal represents a dye-dependent absorption change related to membrane potential: the first signal was absent at 630 nm where the membrane potential-dependent extrinsic absorption change is zero and the first signal was also absent in unstained preparations. Comparing the responses with the established action spectra for the present dye, we conclude that the first signal reflects GABA-or glycine-induced membrane depolarization in the neural cells contained in the slice preparation, mainly corresponding to the nucleus tractus solitarius.
Similar GABA-induced membrane depolarizations already have been reported in various neural cells (for review see Cherubini et al. 1991) . When applied to dendrites, GABA caused a depolarization with an increase in membrane conductance in CA1 cells in adult guinea pig hippocampal slices (Andersen et al. 1980) and in the rat hippocampal slice preparation (Alger and Nicoll 1982) . In addition, depolarizing GABA responses were observed recently in the neonatal rat hippocampal preparation (Ben-Ari et al. 1989; Strata and Cherubini 1994) , in the embryonic chick brain stem (Hyson et al. 1995) , and in the embryonic rat spinal cord (Reichling et al. 1994; Wu et al. 1992) .
From the present study, we have tried to infer the following: in embryonic neurons that are contained within the response area, perhaps corresponding to the nucleus tractus negative than the equilibrium potential for the inhibitory postsynaptic potential (IPSP: E IPSP ) corresponding to the reversal potential (E rev ) or to equilibrium potential for chloshows that both the first and second signals spread progresride ion (E Cl ); 2) when GABA or glycine is applied, the sively from a position J4, decreasing in the amplitude.
inhibitory postsynaptic current is inward: an inward Cl 0 curIn addition, to more clearly display the spatio-temporal rent represents an efflux of the negatively charged Cl 0 ; and spreading pattern of the signals, we have constructed the then 3) the cell membrane is depolarized. Accordingly, it is pseudocolor activity maps of the optical changes induced by suggested that, in comparison with usual adult neurons, the GABA (Fig. 7B) . These imaging maps are compared with intracellular Cl 0 concentration is elevated. Indeed, it is the corresponding optical waveforms shown in Fig. 7A . In known that, in hippocampal slice preparations, increasing this dynamic image representation, one should see the the intracellular chloride concentration by injection shifts spreading patterns of the GABA-induced extrinsic and inthe reversal potential of the GABA responses in a positive trinsic optical changes: during the earlier phase, the expandirection (Misgeld et al. 1986 ). sion of the extrinsic signals is clearly shown, and subseAs shown in Fig. 4A , the GABA-induced depolarization quently, during the later phase, that of the intrinsic signal is decreased in a low Cl 0 bathing solution. From this result, represented. The extent of the light-scattering change was it is speculated that when the external Cl 0 concentration is often larger than that of the extrinsic signals. This figure lowered, the E Cl (E IPSP , E rev ) and the E m both shift in the indicates the neuronal propagation of the GABA response depolarizing direction and that the change in E m is larger than and diffusion of GABA applied to the surface of the preparathat in the E Cl (E IPSP , E rev ). Another possible explanation is tion.
that reducing Cl 0 outside might reduce Cl 0 inside without a steady state change in E Cl or E m (Hodgkin and Horowicz D I S C U S S I O N 1959). With lower Cl 0 on both sides, the putative GABA Cl 0 channels might have a lower conductance and therefore The results described in this article provide new evidence that GABA induces depolarization in the neural cell mem-less current and smaller depolarization.
The second signal that is an intrinsic change in transmitted brane and that the depolarization causes neural cellular shrinkage in the embryonic chick brain stem preparation. light intensity is referred to as a change in transparency of the slice preparation determined by turbidity. The turbidity The evidence has been obtained, for the first time, by means of simultaneous recordings of intrinsic optical changes and is correlated closely to light scattering and, in general, highly dependent on the volume (size) of the scattering particles. extrinsic voltage-sensitive dye absorption signals. However, there is no satisfactory theory available for the equilibrium potential for Cl 0 and the resting potential (E Cl 0 E m ). In Fig. 8 , one possible sequence for the cell quantitative treatment of light scattering from complicated and heterogenous biological tissues such as slice prepara-shrinkage caused by membrane depolarization induced by GABA (or glycine) is illustrated. In this figure, a scheme tions.
Thus we compared the effects of GABA with osmotic for the cell swelling caused by high K / -induced depolarization also is shown. On the other hand, Cohen, Keynes, and shock on the transmitted light intensity. We showed that the direction of the GABA-induced change in the transmitted Landowne (1972) have found that a low Cl 0 solution reduced the (90Њ) light-scattering signal associated with outlight intensity coincided with that of hyperosmotically induced changes. We think it is likely that neural cells were ward currents in squid giant axons and have discussed it in terms of a transport number effect. It is also possible that the largest contributor to the light-scattering change. Accordingly, we have concluded that the GABA-induced membrane such a mechanism is related to our findings.
As shown in Figs. 3 and 6, the GABA-induced lightdepolarization causes shrinkage in neural cells that would cause implicitly an increase in the extracellular space. It is scattering changes were longer than the changes in response to osmotic shock and the high K / . This result suggests plausible that the neural shrinkage induced by GABA (or glycine) is caused by the outward volume flow (water move-that the mechanism(s) underlying the GABA-induced light scattering involves intercellular communications, including ment) across the cell membrane, associated with electroneutral efflux of Cl 0 and K / driven by a difference of the glial cells. and intrinsic light-scattering signals were not affected in a and GABA B receptors, and we have suggested a novel type GABA D receptor. However, because these results were indiCa 2/ -free solution and by octanol which is a blocker of gap junctions (Momose-Sato, Sato, and Kamino, unpublished rect, it has been unclear whether the novel GABA D receptor is dependent on Cl 0 . Concerning this issue, the results obresults), a possibility of neuronal propagation via synaptic and electrical connections was ruled out. In the present study, tained in the present study provide additional important information: the GABA D receptor participates in neural cell because the experimental design is very difficult, we have not yet determined the participation of glial cells.
shrinkage coupled with membrane depolarization mediated by Cl 0 . Thus it seems likely that the GABA D receptor conChanges in intrinsic light scattering from crab nerve fibers and squid giant axons have been first reported to be corre-tains a component that is functionally similar to the GABA A receptor. lated with neuronal activity by Hill and Keynes (1949) and by Cohen et al. (1968) . One of the changes in light scattering
